Abstract A bilateral dynamic stabilization device is assumed to alter favorable the movement and load transmission of a spinal segment without the intention of fusion of that segment. Little is known about the effect of a posterior dynamic fixation device on the mechanical behavior of the lumbar spine. Muscle forces were disregarded in the few biomechanical studies published. The aim of this study was to determine how the spinal loads are affected by a bilateral posterior dynamic implant compared to a rigid fixator which does not claim to maintain mobility. A paired monosegmental posterior dynamic implant was inserted at level L3/L4 in a validated finite element model of the lumbar spine. Both a healthy and a slightly degenerated disc were assumed at implant level. Distraction of the bridged segment was also simulated. For comparison, a monosegmental rigid fixation device as well as the effect of implant stiffness on intersegmental rotation were studied. The model was loaded with the upper body weight and muscle forces to simulate the four loading cases standing, 30°flexion, 20°extension, and 10°axial rotation. Intersegmental rotations, intradiscal pressure and facet joint forces were calculated at implant level and at the adjacent level above the implant. Implant forces were also determined. Compared to an intact spine, a dynamic implant reduces intersegmental rotation at implant level, decreases intradiscal pressure in a healthy disc for extension and standing, and decreases facet joint forces at implant level. With a rigid implant, these effects are more pronounced. With a slightly degenerated disc intersegmental rotation at implant level is mildly increased for extension and axial rotation and intradiscal pressure is strongly reduced for extension. After distraction, intradiscal pressure values are markedly reduced only for the rigid implant. At the adjacent level L2/L3, a posterior implant has only a minor effect on intradiscal pressure. However, it increases facet joint forces at this level for axial rotation and extension. Posterior implants are mostly loaded in compression. Forces in the implant are generally higher in a rigid fixator than in a dynamic implant. Distraction strongly increases both axial and shear forces in the implant. A stiffness of the implant greater than 1,000 N/mm has only a minor effect on intersegmental rotation. The mechanical effects of a dynamic implant are similar to those of a rigid fixation device, except after distraction, when intradiscal pressure is considerably lower for rigid than for dynamic implants. Thus, the results of this study demonstrate that a dynamic implant does not necessarily reduce axial spinal loads compared to an un-instrumented spine.
Introduction
Degenerated disc disease is often treated by spinal fusion. Several papers show that discs in adjacent segments may also become affected a few years after surgical treatment of a degenerated disc [1, 9, 10, 18, 30] . It is casually hypothesized that the load reduction of a slightly degenerated disc may postpone fusion surgery and adjacent disc disease.
Several flexible posterior spinal fixation systems are clinically used [4, 11, 12, 31, 34] . These so-called dynamic stabilization devices are designed to reduce the disc load. In contrast to solid fusion, the non-fusion systems are intended to maintain intersegmental motions or reduce them to magnitudes found in the intact spine. The Graf ligament system was one of the first such devices used. It consists of a posterior inductile band that serves as a ligament between two pediclebased screws [5, 8, 14] . The dynamic neutralization system (Dynesys Ò ) has been in clinical use for more than a decade. It comprised titanium alloy pedicular screws, Sulene-PCU spacers and Sulene-PET cords [34] . The cords are introduced through the screw heads, and the spacers are interposed and fixed after pre-loading. The length of the spacers can be intraoperatively adapted to the clinical situation. The Graf ligamentoplasty and the Dynesys Ò appear to yield similar clinical results [6] .
Schmö lz et al. [28] determined the degree of stabilization achieved by Dynesys Ò and the effect of stabilization on the adjacent segment. For the bridged segment, they found that the Dynesys Ò stabilized the spine and was more flexible than an internal fixator, especially in extension. The motion in the adjacent segments was not influenced when pure moments were applied. In an additional paper [29] , the authors described the influence of Dynesys Ò on intradiscal pressure. In extension, they measured a significantly reduced pressure change in the course of loading both after insertion of Dynesys Ò and an internal fixator. The effect of the spacer length of Dynesys Ò was determined in an in vitro study by Niosi et al. [13] . A 4-mm increase in spacer length led to an increase in intersegmental motion of 30% for axial rotation, 23% for extension, 14% for flexion, and 11% for lateral bending.
Eberlein et al. [3] created a finite element model of an L2-L3 motion segment with Dynesys Ò and determined the effect of the implant on the overall stiffness. They applied pure moments and found that Dynesys Ò caused considerable stiffening in flexion and extension and extreme stiffening in torsion.
Mono-and bisegmental internal spinal fixation devices combined with bone grafts were studied by Zander et al. [40, 41] for their effects on the mechanical behavior of the lumbar spine. Using a finite element model, they demonstrated that mono-and bisegmental fixation did not differ markedly and that pretension in the bridged region strongly affected spinal loads.
The finite element method is well suited for parameter studies and allows the determination of many more values than an experimental study. However, validation of the model is mandatory. Validation is only possible for measurable parameters, e.g., intersegmental rotation and intradiscal pressure. Other calculated parameters mostly represent trends due to the simplifications and assumptions necessary to create a finite element model of the lumbar spine, and the absolute values are not always very precise.
In the clinical routine, posterior dynamic implants are considered for different situations. These implants are mostly used when the disc at the affected level is only slightly degenerated. In these cases, the disc height is slightly reduced and the nucleus is compressible [26] . In the very early stage of disc degeneration, disc height is still normal and the disc will show virtually the same mechanical behavior as a healthy one. If the disc height is reduced, the affected level is often distracted by the implant to the height of the healthy disc. This procedure is referred to here as distraction. It is interesting to know how a dynamic implant affects the mechanical behavior of the lumbar spine in different situations. Extensive clinical experience has been gained with rigid implants. Thus, a comparison of the effects of dynamic and rigid implants will disclose the advantages of posterior dynamic implants.
The aims of the present study were to compare a geometrically simplified monosegmental dynamic fixation device and a rigid fixator for their effects on intersegmental rotation, intradiscal pressure, facet joint forces and implant forces. The study also aimed at examining a slightly degenerated disc and a distracted segment for their influence on the affected level and the adjacent cranial segment. An additional aim of the study was to determine the effects of implant stiffness on intersegmental rotation. The models were loaded to simulate standing as well as flexion, extension and axial rotation of the upper body.
Methods
A three-dimensional nonlinear finite element model of the lumbosacral spine was created. It consisted of five vertebrae, five intervertebral discs, and all major ligaments of the lumbar spine (Fig. 1) . The geometry was taken from CTs. The annuli fibrosi of the discs were modeled as fiber-reinforced hyperelastic composite (neo-Hookean, C 10 = 0.3448, D 1 = 0.3) [2] . The fibers were embedded in the ground substance in concentric rings around the nucleus in two times seven layers. They ran to the mid cross-sectional area of the disc under alternating orientation of about 30°and 150°. Fiber stiffness increased from the center to the outer shell [33] . The nuclei pulposi were modeled as incompressible fluid-filled cavities. The curved facet joints had a gap of 0.5 mm and a thin cartilaginous layer. The latter was simulated using soft contact with exponentially increasing contact force and decreasing contact gap [32] . The facet joints could transmit only compressive forces. At full closure, the joints had the same stiffness as the surrounding bone. The ligaments were represented by tension-only spring elements with nonlinear material properties. The material properties of the different tissues were taken from the literature (Table 1) [2, 15, 25-27, 33, 35, 39] . The fibers and ligaments have been described in detail elsewhere [25, 39] .
The model was calibrated using experimental data of Heuer et al. [7] for different anatomical-reduction levels, loading directions and magnitudes. The intact model has virtually the same stiffness as our previous model with a coarser mesh. This model with and without an internal spinal fixator has been extensively validated [19, 39] using experimental data [24, 38] . Test calculations with the present model showed the same good agreement with the experimental results as our previous model with the coarser mesh.
The inferior side of the L5/S1 intervertebral disc was rigidly fixed. The model was loaded with the upper body weight and muscle forces to simulate four loading cases: standing, 30°flexion, 20°extension, and 10°axial rotation to the left. In previous studies the muscle forces for standing, flexion and extension have been estimated [19, 38, 39] . For the loading case of standing, it was assumed that the angle remained unchanged between the superior L1 endplate and the inferior L5/ S1 disc side. However, the intersegmental angles at the intervening levels were not constant. An upper body weight of 260 N and a compressive follower load of 200 N were assumed for standing, flexion and extension [16, 24] . The follower load should substitute the stabilizing effect of the local muscle forces. The magnitude of the muscle forces in the erector spinae and rectus abdominis was calculated to gain the desired lumbar spine position [19, 39] . The global muscle forces for axial rotation of the lumbar spine are unknown. Thus 10°axial rotation was predetermined, and a follower load of 500 N was assumed. In this simplified loading case, the follower load represented the local muscle force plus the upper body weight. After the healthy lumbar spine was studied, a slightly degenerated disc was assumed at L3/L4 with an average height reduction of 20% (Fig. 1) . The nucleus pulposus was modeled as compressible. Compressibility of the nucleus was increased from 0.0005 mm 2 /N (like water) for the healthy disc to 0.0503 mm 2 /N for the slightly degenerated disc [26] .
A paired posterior dynamic implant with fictional material properties was inserted between L3 and L4.
No pretension was applied to the implant. The implant was fixed to the vertebrae by two transpedicular screws on each side (Fig. 1) . The screws were simulated by beam elements and the longitudinal support by threedimensional connector elements. The connection between the screws and rods was angular movable. The longitudinal support stiffness of the dynamic implant was 200 N/mm in compression and tension. For comparison, the compressive stiffness of Dynesys Ò is about 200 N/mm [17] . In a second step, the dynamic implant was replaced by a rigid, angular stable implant of the same geometry with a longitudinal rod made of titanium. With a stiffness of about 83,000 N/mm in tension/compression, the titanium rod was more than 400 times stiffer than the dynamic implant.
The healthy and degenerated disc models were analyzed. Two situations were studied for the degenerated disc with a posterior dynamic implant: without distraction of the bridged region and with distraction to the height of a healthy disc. The latter situation is called distraction. It was simulated by a 2 mm extension of the longitudinal support length between the pedicle screws. This caused a bilateral compressive force of 45 N in the dynamic and 112 N in the angularstable rigid implant. Distraction as well as a degenerated disc also changed the position of the upper body weight. This was compensated so that the resultant moment relative to L1 was the same as for the healthy disc.
In order to study the effect of implant stiffness on intersegmental rotation the stiffness of the longitudinal rod was varied between 1 and 83,000 N/mm in discrete steps. The latter value represents titanium alloy. A straight longitudinal rod with a diameter of 5 mm was assumed. The connection between the screws and the longitudinal rod was angular movable in this parameter study.
Intersegmental rotations were calculated as well as intradiscal pressures, axial and shear forces in each implant, and facet joint forces. The finite element program ABAQUS, version 6.5-1 (Abaqus, Inc., Providence, RI, USA), was used together with the preand postprocessor MSC/PATRAN (MSC Software, Marburg, Germany).
Results

Intersegmental rotation
Intersegmental rotation in the loading plane at implant level (L3/L4) is decreased by inserting a posterior dynamic implant (Fig. 2) . In the loading case of standing, rotation is negligible after implant insertion. A rigid implant decreases intersegmental rotation even more, except for standing, where slightly higher values are predicted if the implant is rigid. For a degenerated disc, motion is slightly increased for extension and axial rotation. With an implant, however, disc degeneration only markedly affects intersegmental rotation for axial rotation. Distraction causes higher flexural intersegmental rotation except for axial rotation. In contrast to the implant level L3/L4, level L2/L3 shows slightly higher intersegmental rotation after insertion of an implant for flexion (Fig. 3) . For the other loading cases studied the increase is only minor. A rigid implant leads to slightly higher values than a dynamic one. Disc degeneration has only a minor effect on intersegmental rotation at the adjacent level. Distraction increases the amount of intersegmental rotation only slightly in flexion and has a negligible effect in the other loading cases.
Intradiscal pressure
Intradiscal pressure at implant level is more than twice as high for flexion (about 1.2 MPa) than for the other loading cases (Fig. 4) . It is markedly affected by a dynamic implant only in the case of extension, when a non-degenerated disc is assumed. The pressure reduction in extension is even more pronounced for a rigid Fig. 2 Intersegmental rotation at implant level for healthy and degenerated discs, dynamic and rigid implants, distraction, and different loading cases implant. Intradiscal pressure is also reduced by disc degeneration, especially in extension, where it decreases to a level of about 36% compared to the healthy disc. Distraction with a dynamic implant has only a minor effect. In contrast, distraction with a rigid implant decreases intradiscal pressure.
In the adjacent disc L2/3, intradiscal pressure is only slightly affected by a posterior dynamic or rigid implant, by disc degeneration, or by distraction (Fig. 5) . The adjacent level is also predicted to show the highest pressure value for flexion.
Forces on the implant
The calculated axial force in the implant is mostly negative, i.e. compressive force (Fig. 6) . In a healthy and a degenerated disc, axial tensile forces are calculated for flexion (up to 75 N in each implant). Loads in the rigid fixator are all higher than in the dynamic one. Disc degeneration has only a minor effect on axial implant forces. Axial compressive forces calculated in the dynamic implant range up to 190 N when the bridged region is distracted. The highest force is predicted for extension, while the implant load after distraction is low for flexion. In the rigid fixator, the axial force is especially high when the bridged segment is distracted. The rigid implants show a maximum compressive force of about 330 N for extension. After distraction, compressive force in the implant is predicted for all loading cases, even for flexion.
The highest shear forces in the dynamic implant (about 100 N in each implant) are predicted after distraction for axial rotation and flexion. High shear forces are also predicted for a rigid implant when the disc is degenerated. In a healthy and a degenerated disc, shear forces in the implant are low for standing and Fig. 3 Intersegmental rotation at the segment above implant level for healthy and degenerated discs, dynamic and rigid implants, distraction, and different loading cases extension. In our model, no moments were transmitted in the dynamic implant. In the rods of the rigid fixation device, the bending moments were less than 1.5 N m if the bridged segment was not distracted. After distraction, the bending moments varied between 3.4 and 4.3 N m for the loading cases studied. The torsional moments in the rigid fixator rods were highest for the loading case of axial rotation. The maximum torsional moment in a rod was 0.7 N m. The torsional moment in the rigid implant was less than 0.1 N m for standing, flexion and extension.
Facet joint forces
Noteworthy is the fact that facet joint forces at all levels are only predicted for axial rotation and extension. At the adjacent level (L2/L3), they are increased by a dynamic implant and even more by a rigid one, especially for extension (Fig. 7) . Disc degeneration leads to slightly lower forces only for axial rotation. Distraction of the bridged segment slightly reduces facet joint forces for axial rotation and increases them for extension.
At implant level (L3/L4), facet joint forces are reduced from about 95 to 75 N by the dynamic implant and to 53 N by the rigid one for axial rotation. After insertion of an implant, the facet joints were unloaded during extension. Disc degeneration leads to slightly higher facet joint forces at implant level during axial rotation. After distraction, the facet joint force was about 35 N at implant level for axial rotation and zero for both the dynamic and the rigid implant in the loading case of extension.
Implant stiffness
An implant elastic modulus greater than 1,000 MPa has only a minor effect on intersegmental rotation at implant level for flexion and extension (Fig. 8) . Only for extremely low values, intersegmental rotation increases markedly. For the other loading cases the effect of implant stiffness was less pronounced. Intersegmental rotation for a dynamic implant with a stiffness of 1 N/mm differs less than 2% of the value for the model without an implant.
Discussion
The effects of monosegmental dynamic and rigid implants on the mechanical behavior of the lumbar spine were studied for a healthy and a degenerated disc as well as after distraction in the case of a degenerated disc.
As in all studies using finite element models of the spine, several simplifications and assumptions had to be made. In a prior study, the finite element model was validated without an implant and with a rigid one. Except at implant level, healthy discs were assumed. Only four loading cases were studied despite the great variety of loads acting on the spine in daily life. Rotation of the L1 vertebra was predetermined and thus remained the same with and without a posterior dynamic implant. Mostly only one set of implant stiffness was assumed for the dynamic implant. Different designs and implant materials may lead to slightly different results. Thus the results show trends, and the absolute values are not necessarily very precise. However, this probably does not affect the main conclusions reached here.
The implant forces and moments calculated for the rigid fixator agree well with those measured in patients [20] [21] [22] [23] . The measured values were also much higher in cases where the bridged level was distracted. The calculated intradiscal pressures are also very similar to the values measured in vivo by Wilke et al. [22, 36, 37] . They measured a pressure of about 0.5 MPa for standing, 0.6 MPa for 19°extension, and 1.1 MPa for 36°flexion. The corresponding values calculated for healthy discs without an implant are 0.6 MPa for standing, 0.6 MPa for 20°extension, 1.2 MPa for 30°fl exion, and 0.5 MPa for axial rotation. Measured and calculated values agree well.
A posterior dynamic implant reduces intersegmental rotation at implant level for flexion and extension, slightly increases intersegmental rotation at the level above, decreases intradiscal pressure in a healthy disc for extension, and decreases facet joint force at implant level. These effects are slightly more pronounced for a posterior rigid implant. The differences are greater between an intact state and after dynamic implant insertion than between a dynamic and a rigid implant although the implant stiffnesses differ by a factor of more than 400. Thus, similar results can be expected for other bilateral posterior dynamic implants with comparable stiffnesses. In the case of distraction, however, intradiscal pressure is significantly affected by a rigid implant. The relatively small differences raise questions as to whether a dynamic implant really has the advantages that are often expected. A dynamic implant is not angularly stable and thus transfers less or even no bending moment from the longitudinal support to the pedicle screws. Thus, the risk of screw breakage is lower for a dynamic implant than for a rigid one. However, screw loading increases strongly when the bridged segment is distracted (increased longitudinal support length). On the other hand, if the length of the longitudinal support is too short, the preload decreases which may lead to alternating force direction in the pedicle screws and thus to pedicle screw loosening.
When a mildly degenerated disc is assumed, intersegmental rotation is slightly reduced for flexion at implant level and slightly increased at the level above. The nucleus of a degenerated disc is compressible. Intradiscal pressure in such a disc is thus strongly reduced for extension. A slightly degenerated disc has only a minor effect on facet joint force and implant load.
Distraction does not greatly influence intersegmental rotation but has a significant effect on intradiscal pressure at implant level if a rigid implant is used. The pressure values are generally lower for a rigid than for a dynamic implant.
The adjacent segment is only slightly influenced by a posterior implant. However, the facet joint force is increased for axial rotation. This is due to modified rotational angles after insertion of an implant. The rotational angle in the loading plane and thus also the facet joint force are reduced at implant level but increased at the adjacent level.
In this study, the position of the superior endplate of L1 relative to the fixed inferior side of L5/S1 vertebral disc was predetermined for all loading cases. An implant-determined decrease of intersegmental rotation thus caused an increase at other levels. This increase strongly depends on the number of segments considered. Our model consists of five segments, thus the adjacent segment takes over about 25% of the reduction at implant level. This would be higher if fewer segments had been analyzed. Application of pure moments leads to much smaller implant-related differences in the adjacent segments.
In their experimental study, Schmö lz et al. [28] applied pure moments in the three main motion planes and found that the Dynesys Ò stabilized the spine and was more flexible than the internal fixator. This is in agreement with the present study. This is the first numerical study to compare the effects of posterior dynamic and rigid implants for different grades of disc degeneration with and without implant distraction. It demonstrated that a posterior implant only markedly affects intradiscal pressure at implant level for the loading case of extension and after distraction if a rigid implant is used. The stiffness of a dynamic implant is in-between zero (no implant) and a rigid fixator. However, the stiffness of the studied dynamic implant is already in a range that the differences between an angularly flexible dynamic and an angularly stable rigid implant are mostly small. High axial implant forces are only predicted if the bridged region is distracted. A posterior implant reduces facet joint forces at implant level but has only a minor effect on mechanical behavior at the adjacent level. Thus our study suggests that the difference in the mechanical effect of a paired posterior dynamic or rigid implant is smaller than often expected.
